Introduction method cannot guarantee 100% coupling of knockout and labeling, especially for gene knockout in small popGenetic mosaics, in which somatic cells of different geulations of cells. The latter two methods allow 100% notypes reside in the same animal, have been widely coupling but rely on the endogenous promoter to drive used to study biological processes in multicellular ormarker expression, which may be turned off or too ganisms. By knocking out a candidate gene of interest weak at the time of analysis. In Drosophila, mosaic in a defined population of cells at a desirable time, one marking was originally accomplished using a negative can study gene function in biological processes of inlabeling system in which homozygous mutant cells lose terest while bypassing possible requirements for the a marker gene and become the only unlabeled cells in gene in other tissues or at earlier developmental genetically mosaic animals (Xu and Rubin, 1993) . Howstages. One can also analyze the cell autonomy of gene ever, small clones of unlabeled homozygous mutant function and create animal models of human diseases cells can be difficult to identify amid a large population that result from somatic mutations. For example, condiof labeled cells, and the morphology of these mutant tional knockouts of tumor suppressor genes can serve cells cannot be studied. To circumvent these limitaas models for human cancers caused by loss of heterotions, we developed the MARCM system (mosaic zygosity (Knudson, 1971) .
analysis with a repressible cell marker) to selectively In principle, the Cre-loxP recombination system coding sequences are interrupted by the intron in different reading frames. could be used to induce mitotic recombination in mouse somatic cells in a similar fashion to FLP-FRTAfter DNA replication in dividing cells (at the G2 phase), Cre enzyme introduced as a separate transmediated mitotic recombination in Drosophila. However, Drosophila is unique among model organisms in gene can induce recombination between loxP sites, restoring functional GFP and RFP expression cassettes. that homologous chromosomes pair in somatic cells, permitting a high rate of mitotic recombination (Metz, During We hypothesized that if Cre-loxP-mediated interchrodistal to the GR knockin site (the homologous chromosome contains only RG), the animal will be heterozymosomal recombination occurs in somatic cells at rates similar to ES cells, it can be used to create gegous for the mutation. However, G2 recombination followed by X segregation (referred to hereafter as a netic mosaics, provided that one can develop a sensitive marking system to identify recombination events.
G2-X event) generates green daughter cells homozygous for the mutation and red siblings homozygous for Here, we describe a system utilizing Cre-loxP to generate and mark recombination events between homolothe wild-type allele, creating labeled genetic mosaics ( Figure 1A , left branch). G2-Z, G1, or G0 events do not gous chromosomes in somatic cells of mice. We show that interchromosomal recombination can be induced alter the heterozygous genotype and do not result in the generation of single-labeled cells ( Figure 1A , right efficiently in both mitotic and postmitotic cells as a consequence of Cre expression. We discuss the potenbranch; Figure 1B ). Thus, recombination/segregation events that alter genotypes (G2-X) can be unambigutial utility of this system in conditional gene knockout, lineage analysis, and neural circuit tracing. As an examously distinguished from other recombination events that do not alter genotypes. Only homozygous cells ple, we show that cerebellar granule cell progenitors are fated at an early stage to produce granule cells that are singly labeled. Furthermore, homozygous mutant and wild-type cells are distinguished by which single project axons to specific sublayers in the molecular layer of the cerebellar cortex. marker they express.
Generation and Testing of the Targeting Constructs Results
We generated three targeting constructs, GG, GR, and RG ( Figure 2A ). Each construct contains the same exThe MADM Strategy MADM makes use of Cre-loxP-dependent interchromopression cassette consisting of a CMV β-actin enhancer-promoter (pCA; Okada et al., 1999; Niwa et al., somal mitotic recombination to generate uniquely labeled homozygous mutant cells in an otherwise hetero-1991) and the SV40 T antigen poly(A) signal that allows for ubiquitous and high-level expression of marker zygous background in mice. Figure 1 illustrates the MADM design. Two reciprocally chimeric marker genes genes. GR and RG were built according to the MADM strategy ( Figure 1A) . GG, in which N-GFP and C-GFP in are separately targeted by homologous recombination to identical loci on homologous chromosomes; the rethe same reading frame are separated by the same loxP-containing β-globin intron, serves as a positive sultant mice are crossed to each other to make transheterozygotes. Each chimeric gene consists of part of control for promoter strength, splicing efficiency, and the influence of chromosomal locus on transgene exthe coding sequences of green fluorescent protein (GFP) and red fluorescent protein (Dsred2; hereafter repression. We also constructed an RR construct equivalent to GG for in vitro testing. ferred to as RFP; Figure 1A ; these chimeric genes are referred to as GR and RG hereafter). The N-and Experiments were conducted to confirm marker expression along the construction of the final targeting C-terminals of each chimeric gene are separated by an intron containing a single loxP site. While this pair of vector ( Figure 2A ). The splicing efficiency of the loxPcontaining intron was confirmed by Western blot analyloxP sites serves as a target for Cre-mediated interchromosomal recombination, protein expression is unsis following COS cell transfection of the GG and RR constructs-they express proteins at the same level as affected since the loxP sites are removed by RNA splic- (Table 1) 
Visualization of Both Markers
One distinctive feature of MADM is the ability to distinguish between different recombination/segregation types using the double-marker system (Figure 1) . We found that GFP can be visualized by fluorescence in live or fixed samples, whereas RFP fluorescence cannot. Since RFP was tagged with C-terminal MYC, anti-MYC immunofluorescence allowed simultaneous visualization of both markers in neurons, glia, and other nonneural tissues in fixed samples during development red cells form clusters adjacent to each other ("twin spots;" e.g., Figures 3G, 4Ac , 4Bc, 4Cc, 4Eb, and 4Fb), strongly suggesting that they are progeny of siblings expected in the GG strain, GFP is ubiquitously proderived from single G2-X events. duced from embryo to adult in the brain ( Figure 3A ) and all other tissues examined (data not shown). Nearly 100% of cells dissociated from the brain and spleen Labeling Efficiency of MADM We find that a given Cre line not only dictates the spawere GFP positive by fluorescence microscopy or by FACS analysis (data not shown). This confirmed ubiquitial pattern of the MADM recombination events but also the frequency and type of labeled cells (Table 1) We found that doubling the dose of actin-Cre caused an approximate 2-fold increase in labeling frequency To test the relationship between labeling frequency and Cre dose and to confirm postmitotic recombina-( Figure 5B ). In addition, the density of labeled parallel fibers increases significantly from postnatal day 21 tion, we devised a quantitative assay that evaluates the frequency of labeled cerebellar granule cells. Each (P21) to P42 ( Figure 5B ). Since granule cell neurogenesis ceases at P21, newly labeled cells after P21 should granule cell gives rise to a single axon that runs along the molecular layer of the cerebellar cortex in parallel be products of postmitotic recombination. well as GFP and does not label long-distance axons (see Figure 3G) . Moreover, expression of single-copy RFP (Dsred2) is inadequate for live visualization. These microscopy ( Figure 5C ). Green and red cells each consist of w1% of total cells, while double-colored cells limitations need to be overcome in future modifications of MADM. consist of w2.5% of total cells ( Figure 5D ). We expect Using MADM to Analyze Cerebellar Granule Cell axes with no labeled granule cells in between clusters, indicating limited dispersion. Second, the frequency of Lineage and Axonal Projections We are in the process of using MADM to perform condigenerating these clusters is low (1.6 per half cerebellum) under our experimental conditions. We estimate tional knockout experiments (see Discussion). To demonstrate other applications, we present here an exthe probability of a single cluster actually consisting of two separate clonal lineages to be on the order of 5%, ample that uses MADM to illustrate an unexpected relationship between lineage and axonal projections of based on the relative sizes of the cerebellum and the clusters (see Experimental Procedures). Third, serial cerebellar granule cells.
The neural circuit in the cerebellum is one of the best section of 7 GR/RG;actin-CreER/+ mice subjected to TM carrier (corn oil) injection at E17.5 did not reveal any characterized in the mammalian brain for both adult connectivity and its developmental origin. The adult labeled cells in the cerebellum or elsewhere in the brain, indicating that all labeled cells were caused by cerebellar cortex is divided into several distinct layers ( Figure 7B mouse chromosome 6 distal to the ROSA26 locus can to visualize wiring patterns in the nervous system, and be subjected to mosaic analysis using our current to conditionally knock out genes in small populations MADM mice. This limitation can be overcome by future of labeled cells with tight coupling of knockout and laeffort to generate knockin cassettes for other chromobeling. Moreover, MADM can be used for all the above somes. purposes simultaneously. We discuss below potential applications of MADM compared with existing methods that achieve similar purposes.
Labeling Small Populations of Neurons and Tracing Neural Circuits Several methods exist for labeling small populations of Conditional Gene Knockout
neurons to trace neural circuits. These include (1) the Conditional knockouts based on Cre-loxP site-directed traditional Golgi method, (2) dye filling, (3) Thy1-GFP intrachromosomal recombination have been used to transgenic mice, wherein chance insertions can create selectively knock out genes at particular developa mosaic expression pattern that labels isolated single mental stages or in a subset of tissues (Lewandoski, neurons ( looking for tumors in external tissues using specific Cre Given the relationship between cell cycle exit of granlines (such as K5-Cre for epidermal tissue) to generate ule cells and their axonal projections (see Results), the genetic mosaics. Thus, MADM-mediated conditional most plausible explanation for our findings is that knockouts of tumor suppressor genes could serve as clonally related granule cells differentiate within a relaexcellent animal models of human cancers, as MADM tively narrow temporal window. We speculate that this can create sparse loss-of-heterozygosity events to fol-"timed" differentiation could be regulated by extrinsic low tumor progression in live animals. cues: clonally related granule cells could be made geIn summary, we expect that the MADM system denetically different (e.g., by inheriting different lineage scribed in this study and its further development outfactors) so that each is responsive to a unique combilined above will be a useful tool to study a plethora of nation of extrinsic factors that signals cells to exit the problems in neurobiology, developmental biology, and cell cycle. It could also be achieved through an intrinsic cancer biology. "time clock" mechanism as has been described in the differentiation of oligodendrocyte progenitors in vitro: given corn oil without TM. Serial sagittal sections of P21 cerebella of the 3# arm. Two clones of each construct were injected into a at 25 or 60 m were stained and imaged. Mediolateral and antero-C57BL/6 blastocyst to produce chimeric mice. Germline transmisposterior span was measured for clones by systematically viewing sion was confirmed by PCR designed to discriminate wt from all serial sections. High-resolution CCD camera images were taken knockin alleles for all three lines. Rosa10 in 5# arm forward directo measure granule cell body position. Confocal microscopy was tion (5#-CTCTGCTGCCTCCTGGCTTCT-3#) and Rosa11 in 3# arm used to take 1 m thick images of the ML and to measure granule reverse direction (5#-CGAGGCGGATCACAAGCAATA-3#) amplify a cell axon position. 330 bp fragment from wt alleles, while Rosa10 and Rosa4 in pCA To estimate the probability that a cluster of granule cells is depromoter amplify a 250 bp fragment from knockin alleles. PCR conrived from two independent but overlapping clones, we estimated ditions: 94°C 20$, 58°C 25$, 72°C 45$ for 32 cycles. the surface area of the IGL for half the cerebellum to be w197 mm 2 and the surface area occupied by the cell bodies of an averagesized granule cell cluster to be w0.96 mm 2 . To distinguish between Mating Schemes for MADM Analysis two clones, they must not overlap or touch at the edges. Thus, we RG and GR mice were kept as separate stocks prior to MADM multiplied the surface area of one average-sized clone by nine to analysis. RG mice were crossed with appropriate Cre mice ( Table  account for 
